Respiratory function is the main cause of mortality in patients with Duchenne muscular dystrophy (DMD). Elevated levels of TGF-␤ play a key role in the pathophysiology of DMD. To determine whether therapeutic attenuation of TGF-␤ signaling improves respiratory function, mdx mice were treated from 2 weeks of age to 2 months or 9 months of age with either 1D11 (a neutralizing antibody to all three isoforms of TGF-␤), losartan (an angiotensin receptor antagonist), or a combination of the two agents. Respiratory function was measured in nonanesthetized mice by plethysmography. The 9-month-old mdx mice had elevated Penh values and decreased breathing frequency, due primarily to decreased inspiratory flow rate. All treatments normalized Penh values and increased peak inspiratory flow, leading to decreased inspiration times and breathing frequency. Additionally, forelimb grip strength was improved after 1D11 treatment at both 2 and 9 months of age, whereas, losartan improved grip strength only at 2 months. Decreased serum creatine kinase levels (significant improvement for all groups), increased diaphragm muscle fiber density, and decreased hydroxyproline levels (significant improvement for 1D11 only) also suggested improved muscle function after treatment. For all endpoints, 1D11 was equivalent or superior to losartan; coadministration of the two agents was not superior to 1D11 alone. In conclusion, TGF-␤ antagonism may be a useful therapeutic approach for treating DMD patients.
Duchenne muscular dystrophy (DMD) is caused by mutations in the dystrophin gene leading to a loss of the translated protein.
1,2 Dystrophin, a large structural protein, is critical for the assembly of the dystrophin-associated complex, a group of proteins that work in concert to link the actin cytoskeleton to the extracellular matrix of the basal lamina. 3 The dystrophin-associated protein complex lends structural integrity to the sarcolemma and serves as an important scaffold for signaling entities involved in the modulation of cell survival. 4, 5 In the absence of dystrophin, the associated proteins are dislocated, membranes are more susceptible to microtears, and various signaling pathways are dysregulated, leading to cycles of myofiber degeneration and regeneration. TGF-␤, a profibrotic cytokine, is elevated in DMD and is known to play a central role in the cycles of degeneration and regeneration that ultimate lead to the replacement of skeletal muscle with fat and fibrotic tissue in this progressive disease. 6 Several lines of evidence suggest that lowering TGF-␤ activity in dystrophic muscle may enhance differentiation and fusion of the precursor satellite cells necessary for muscle regeneration and repair. 7 Furthermore, TGF-␤ may promote the differentiation of myogenic cells into fibrotic cells. 8 Thus, therapeutic approaches to inhibit TGF-␤ may address some of the disease manifestations in DMD and other degenerative myopathies.
Respiratory dysfunction is the cause of 80% of the mortality in DMD patients. We studied the effects of administering 1D11 (a neutralizing murine antibody to all three isoforms of TGF-␤) on respiratory function, using plethysmography in the mdx mouse, a model of DMD. In addition, we compared antibody treatment to treatment with losartan, an antihypertensive agent that attenuates TGF-␤ activity by antagonizing angiotensin II receptor type 1 (AT1), and enalapril (an antagonist of the angiotensin-converting enzyme), Short-term studies in which forelimb grip strength was measured in mice dosed from 2 weeks to 2
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Accepted for publication February 3, 2011. Supplemental material for this article can be found at http://ajp. amjpathol.org or at doi: 10.1016/j.ajpath.2011.02.024. months of age were used to assess the various treatment modalities. Effective treatment regimes (losartan, 1D11, or a combination of the two agents) were then compared in a long-term study conducted in mice up to 9 months of age, with respiratory function as the key endpoint.
Here we demonstrate, for the first time, that TGF-␤ antagonism normalized respiratory function in the mdx mouse model. Other measured endpoints were also positively affected by drug treatment. In all cases, 1D11 was equivalent to or superior to losartan, and coadministration of the two agents was not superior to 1D11 alone. Furthermore, these agents were well tolerated, with no changes in body weights in any of the test groups at any time point. These findings demonstrate that TGF-␤ antagonism can improve respiratory function in mdx mice and support its further evaluation as a potential therapeutic for DMD patients.
Materials and Methods

In Vivo Studies
All animal procedures were approved by our institutional review board and were conducted in our animal facility, which is certified by the Association for Assessment and Accreditation of Laboratory Animal Care International. The mice used in this study were male wild-type C57BL/ 10SnJ and male mdx C57BL/10ScSn-Dmd mdx /J mice (Jackson Laboratories, Bar Harbor, ME) that were housed and bred in our institutional facilities. BALB/c mice were from Charles River Laboratories (Raleigh, NC). Mice were provided with water and chow ad libitum.
An outline of all studies and endpoints is given in Supplemental Table S1 (available at http://ajp.amjpathol. org) Treatment was initiated at 2 weeks of age and was continued, without pause, until study termination when the mice reached either 2 or 9 months of age. Administration of 1D11 or control antibody (either 13C4, 9 a murine anti-Shigella toxin IgG1 antibody produced by Genzyme Corporation, or MOPC 21, an antibody to mineral oil, from Sigma-Aldrich, St. Louis, MO) was by intraperitoneal injection of 5 mg/kg three times per week until 48 hours before the termination of the studies. 1D11 is a murine pan-neutralizing TGF-␤ IgG1 antibody that neutralizes the active forms of TGF-␤1, -␤2, and -␤3.
10 1D11 can also be purchased from ATCC (Manassas, VA) and R&D Systems (Minneapolis, MN). Administration of the AT1 angiotensin receptor antagonist losartan (LKT Laboratories, St. Paul, MN) and the angiotensin-converting enzyme inhibitor enalapril (Sigma-Aldrich) was via drinking water at concentrations of 600 mg/L and 200 mg/L, respectively.
We conducted two studies in the mdx mouse: a shortterm study conducted to 2 months of age and a long-term study conducted to 9 months of age. All mice in the 2-month study were treated from 2 weeks of age to 2 months of age, for a total of 6 weeks of consecutive treatment. All mice in the 9-month study were treated from 2 weeks of age to 9 months of age, for a total of 8.5 months of consecutive treatment.
Mice were accessioned into the 2-month study in cohorts, because of limitations on the mouse census in our facilities. Each cohort in the 2-month study included a group of wild-type mice, 1D11-treated mdx mice, and vehicle-treated control mdx mice (n ϭ 8). The first cohort also included a group of mice receiving the control antibody, 13C4 (n ϭ 8). The second cohort included mdx mice treated with either losartan or enalapril (n ϭ 8, each group). The third cohort included a group of mice in which 1D11 (5 mg/kg, three times per week) and losartan (600 mg/L in drinking water) were coadministered, to address whether an additive or synergistic benefit might be observed with combination therapy (n ϭ 9). One group of mice in the third cohort was treated with MOPC 21 containing 1% bovine serum albumin (BSA) in the formulation (n ϭ 10), 9 to assess immune responsiveness. Terminal biochemical and histological endpoints for 2-month-old mice were made using samples from mice in either the first or the third cohorts of the 2-month studies. In the 2-month study, forelimb grip strength measurements from different cohorts with identical treatment modalities were pooled for statistical analysis.
In the 9-month study, mdx mice were dosed with vehicle, losartan, 1D11, or a combination of these agents in a single cohort (n ϭ 9, each group). Wild-type mice were included for an age-matched comparison (n ϭ 9). At the end of the treatment period, one animal had died in each of the vehicle control and wild-type groups, leaving eight mice for evaluation in each of those two groups. No mice were lost in the losartan, 1D11, or combination therapy groups.
In both the 2-month and the 9-month studies, body weights were recorded three times per week, and when agents were administered in the drinking water, the water bottles of all groups were weighed to estimate consumption.
TGF-␤1 ELISA
Quadriceps muscles were homogenized in cell-lysis buffer (Cell Signaling Technology, Danvers, MA), and the clarified cytosol recovered for assay after centrifugation at 10,000 ϫ g. Protein quantities in the cytosol were determined using a bicinchoninic acid kit (Sigma-Aldrich), and 50 g was used in the enzyme-linked immunosorbent assay (ELISA). Both total TGF-␤1 and activated TGF-␤1 concentrations were assessed using a mouse TGF-␤1 ELISA kit (MB100B; R&D Systems) according to the manufacturer's protocol (n ϭ 6 per group).
Measurement of Gene Expression
Muscles were frozen in liquid nitrogen cooled isopentane and then stored at Ϫ80°C. Total RNA was isolated with TriReagent (Sigma-Aldrich) and homogenized; particulates were removed by centrifugation. The RNA pellet was dissolved in water and 10 g RNA of each sample was treated with Ambion DNase TurboDNA (Applied Biosystems, Austin, TX). PCR was performed using TaqMan assays (Applied Biosystems, Foster City, CA). Gene expression analysis was performed using the standard curve method with 18S RNA as an endogenous control. Standard curves were run on each plate. Data were normalized to the mean value for the wild-type control group. The following fluorescently tagged primer sequences were used, all from Applied Biosystems: Mm00450111 for periostin, Mm00442754 for CD4, Mm00441724 for TGF-␤1, Mm00436952 for TGF-␤2, Mm00436960 for TGF-␤3, and Mm001182107_g1 for CD8a.
Serum Creatine Kinase
Blood was obtained from 2-and 9-month-old treated mice by retro-orbital collection (n ϭ 8 per group). Serum was shipped on dry ice for creatine kinase determinations (AnaLytics, Gaithersburg, MD).
Pharmacokinetics of 1D11
The pharmacokinetic behavior of 1D11 was determined after a single intraperitoneal dose of 5 mg/kg in BALB/c mice. Serum concentrations of 1D11 were determined using a sandwich ELISA, and noncompartmental modeling was performed using WinNonlin software platform version 5.0.1 (Pharsight Products, Phoenix AZ). Serum samples were taken at 6 hours and at 1, 2, 3, 4, 8, and 14 days after the dose (n ϭ 3 mice per time point). In addition, a single serum sample was taken from each mdx mouse treated with 1D11 in the first cohort of the 2-month study (n ϭ 8). To determine the concentration of 1D11 in serum, an ELISA was used. High protein binding polystyrene 96-well plates were coated overnight at 4°C with TGF-␤2 (Sigma-Aldrich). The plates were treated with blocking solution (KPL, Gaithersburg, MD) and washed with PBS. A standard curve was prepared using 1:2 serial dilutions ranging from 0.78 ng/mL to 50 ng/mL. Test samples were diluted in PBS containing 0.2% Tween-20, 0.1% BSA, and 0.05% Triton-X-100. Standards, controls, and samples were added to the blocked, coated plates and incubated at 37°C for 1 hour. Goat-anti-mouse IgG (Fc-specific) horseradish peroxidase conjugate was added to each well at a 1:60,000 dilution, incubated for 1 hour, and detected with 3,3=,5,5=-tetramethylbenzidine.
Respiratory Function
Respiratory function was measured in unrestrained mice by barometric plethysmography using a Buxco plethysmograph (Troy, NY), essentially as described by TREAT-NMD (http://www.treat-nmd.eu/downloads/file/sops/dmd/ MDX/DMD_M.2.2.002.pdf) and by others. 11, 12 Mice were placed in calibrated chambers containing a pneumotachograph that measured pressure differentials within the compartment by a difference in air flow. Mice were allowed to acclimate in chambers for 30 minutes in a dark room before data collection. Data were collected and monitored remotely to minimize variation from environmental stimuli. The inspiration time Ti was defined as the start of inspiration to the end of inspiration and the expiration time Te was defined as the start of expiration to the end of expiration. The relaxation time Tr was defined as the time from the start of expiration to the time when 64% of the total expiratory pressure occurred. Pause and Penh were defined and calculated by the following formulas: Pause ϭ (Te Ϫ Tr)/Tr and Penh ϭ (PEP/PIP) ϫ Pause, where PEP is peak expiratory pressure and PIP is peak inspiration pressure. The value of each parameter was collected every minute for 10 minutes and the average was determined. For each test subject, three separate measurements were made on three separate days, and median values were used for statistical analyses.
Forelimb Grip Strength
Forelimb grip strength has been studied as a method to monitor muscle function in vivo in various models of muscular dystrophy. 13 Forelimb grip strength was measured using an automated grip-strength meter (Columbus Instruments, Columbus, OH), essentially according to published protocols.
14 Measurements were taken once per week from 5 weeks to 2 months of age in the 2-month study. In the 9-month study, measurements were taken at 7 and 9 months of age. The total peak force generated was determined using a force transducer as the mouse was pulled backward gently from the base of the tail. All measurements were performed in a blinded fashion, to minimize operator influence. Five consecutive measurements were made within 1 minute and were averaged to determine the mean forelimb grip strength. All measurements were performed between 9:00 and 11:00 AM, to minimize diurnal variation. The data were normalized to body weight and expressed as kilogram force per kilogram of body weight. Changes in grip strength were determined by analysis of variance followed by Duncan's multiple comparison test.
Immunohistological Detection of Myogenin
Soleus and diaphragm muscles were fixed in 10% neutral buffered formalin (Sigma-Aldrich) for 3 to 7 days. All tissues were embedded in paraffin, and 5 mol/L crosssections were cut from the center of each muscle. Myogenin immunostaining was performed using a BondMax immunostaining system (Leica Microsystems, Deerfield, IL) including the Bond polymer refine detection kit (DS9800), which contained peroxide block, polymer, diaminobenzidine, and hematoxylin. Primary antibody [mouse anti-rat myogenin clone F5D, X0931 (Dako, Carpinteria, CA)] was incubated for 30 minutes after blocking with rodent block M (RBM961; Biocare Medical, Concord, CA), followed by rabbit anti-mouse (clone M204-3; Epitomics, Burlingame, CA). The positive controls used were rat hearts injected with rat muscle stem cells. The negative controls used were mouse IgG1 (DAK-GO1; Dako) instead of primary antibody and noninjected rat hearts.
Entire cross-sections of diaphragm and soleus muscle were scanned at ϫ20 magnification using a Scanscope XT and Imagscope software v10.10.2028 (Aperio Technologies, Vista, CA). Each tissue was analyzed using a nuclear imaging algorithm (Color deconvolution version 9.0, Aperio Technologies) to quantify the number of myogenin-positive nuclei in the viable regions of tissue, excluding artifacts from the analysis. The nuclear algorithm was then used to digitally capture the intensity of diaminobenzidine staining from 0 (negative) to ϩ3 (moderate positivity) and to quantify the number and intensity of myogenin-positive versus total nuclei in the viable muscle tissue section. Computer-identified myogenin-positive nuclei were manually visualized to confirm the accuracy of the digital algorithm.
Morphometric Analysis
Muscle tissue was dissected, pinned to squares of closed-cell extruded polystyrene foam (Styrofoam; Dow Corning, Midland, MI), coated with optimal cutting temperature OCT medium, and immediately frozen in liquid nitrogen-chilled isopentane. Embedded muscles were cross-sectioned (10 mol/L) with a cryostat and the sections were adhered to glass slides. Mounted sections were fixed with 10% buffered formalin for 10 minutes, and washed. Fixed sections were coated with a mixture of wheat germ agglutinin, Alexa Fluor 488 conjugate (Invitrogen, Carlsbad, CA) diluted 1:100, and DAPI (Invitrogen) diluted 1:1000 and incubated for 1 hour at room temperature. Wheat germ agglutinin-stained sarcolemma was photographed at 450 nmol/L and DAPI-stained nuclei at 650 nmol/L. Three random cross-sections from the diaphragm muscles, containing between 1500 and 2000 fibers, were analyzed using MetaMorph software version 6.1 (Universal Imaging Corp Downington, PA) to determine the fiber area, and fiber breadth. The fibers containing central nuclei were counted manually in a blinded fashion. This protocol is similar to the recently published TREAT-NMD SOP, 15 except that OCT was used as the embedding medium and the microtome sections were 10 m instead of 12 m in thickness. Selected regions were analyzed with morphometry software. The number of fibers analyzed for diaphragm muscle was between 4000 and 5000 for each group. 15 For the soleus muscle, three entire cross-sections were processed. The percentage of muscle area and the total number of fibers per unit area were also quantitated.
Cell Culture and Myosin ELISA
Muscle C2C12 cells (ATCC) were maintained in a humidified incubator at 37°C and 5% CO 2 in growth medium consisting of Dulbecco's modified Eagle's medium (DMEM; ATCC #30 -2002) supplemented with 10% fetal bovine serum. When cells reached approximately 70% confluency (day 0), the medium was changed to differentiation medium (DMEM plus 2% horse serum; GibcoInvitrogen, Gaithersburg, MD). TGF-␤1 was added on day 0 and day 2. Under control conditions (in the absence of TGF-␤), cells were maintained in differentiation medium only. Control and treated cells were collected for RNA, ELISA, or myosin protein expression assays on day 5 after differentiation.
After 5 days of TGF-␤ treatment, C2C12 cells were fixed with ice-cold methanol for 20 minutes at 20°C. Cells were then washed with PBS and permeabilized with 0.5% Triton-X-100 in PBS for 10 minutes at room temperature. Cells were blocked with 10% BSA for 1 hour at 20°C. A mouse anti-myosin heavy chain antibody (MF-20 supernatant; Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, IA) was incubated with the cells at 20°C for 1 hour (1:100); cells were then counterstained with a rabbit antibody to GAPDH (sc-25778; Santa Cruz Biotechnology, Santa Cruz, CA) (1:100). Cells were washed with PBS, followed by incubation with the secondary antibodies anti-mouse IRDye800 and anti-rabbit IRDye680 (LI-COR Biosciences, Lincoln, NE) for 1 hour at room temperature (1:1000). The LI-COR Odyssey imaging system was used for quantitation of myosin protein expression. The integrated intensity of myosin expression was normalized to that of GAPDH. For images, propidium iodide (1:1000) was used to visualize nuclei and anti-mouse Alexa Fluor 488 (1:1000) was used as secondary antibody in place of anti-mouse IRDye 800, to visualize fused myotubes.
Hydroxyproline Levels
Hydroxyproline assays were performed as previously described. 16 Briefly, muscle samples were hydrolyzed in an autoclave at 120°C for 20 minutes. Autoclaved samples were mixed with chloramine T and allowed to incubate for 25 minutes at room temperature. Ehrlich's aldehyde reagent was added to each sample and incubated at 65°C for 20 minutes to develop the chromophore, which was quantitated against a standard curve of hydroxyproline (2 to 20 g; Sigma-Aldrich) at 550 nmol/L.
Statistical Analysis
Statistical analysis was performed using analysis of variance followed by Dunnett's multiple comparison test against vehicle control or by Tukey's multiple analysis test for comparisons against all combinations of groups, using GraphPad Instat 3.1 software (GraphPad Software, La Jolla, CA).
Results
TGF-␤ mRNA and Protein Levels Are Elevated in mdx Mouse Muscle
TGF-␤1 mRNA levels in the skeletal muscle of mdx mice were elevated threefold to fourfold and that of TGF-␤3 1.4-fold to twofold, compared with wild-type mice ( Table  1) . The steady-state mRNA levels of TGF-␤2 were not elevated, as has been reported previously. 17 Consistent with the increase in TGF-␤1 mRNA levels, total TGF-␤1 protein levels were elevated 3.4-fold in quadriceps muscle from mdx mice (221 Ϯ 43 ng/g protein), compared with wild-type mice (65 Ϯ 10 ng/g protein). TGF-␤ exists primarily as the inactive large latent complex that is proteolytically activated in vivo. Levels of active TGF-␤1, however, were not detectable in the same samples.
Body and Muscle Weights
Body weights of all study mice were determined three times per week. No significant difference in the mean However, a 40% increase in the mean weight of the soleus and tibialis anterior muscles from mdx mice was observed, compared with those from wild-type mice at 9 months of age, and this was not affected by treatment.
Dose Selection for 1D11, Enalapril, and Losartan in mdx Mice
The mdx mice were treated with 5 mg/kg 1D11 by intraperitoneal injection three times per week. To elucidate the relationship between the pharmacokinetics and the pharmacodynamic response, the interim plasma levels of 1D11 were sampled in the first cohort of mice studied (n ϭ 8 per group). Interim plasma levels of 1D11 were 163 Ϯ 11 g/mL and 254 Ϯ 18 g/mL, 24 hours after the 10th dose at 6 weeks and the 19th dose at 2 months of age, respectively. In a separate study, the plasma halflife of 1D11 in mice BALB/c mice was determined to be 7.9 days. The concentration of 1D11 needed to neutralize TGF-␤1 by 50% in vitro, determined using an A549 cellbased assay, was found to be 0.3 g/mL (data not shown). 18 Thus, the concentration of 1D11 in plasma was approximately 500 times the IC 50 value for the neutralization of TGF-␤1, suggesting that the dose and dosing regimen chosen were adequate to elicit a maximal systemic pharmacodynamic response in mice.
Administration of losartan and enalapril was via drinking water at concentrations of 600 mg/L and 200 mg/L, respectively. These doses have been shown to be efficacious in murine models of kidney disease 19 and muscular dystrophy. 7, 20 Mice drank 3 to 6 mL of water per day, and the mean water intake was not different in any groups. Thus, the dose of losartan was between 60 and 120 mg/kg/day, or roughly four to eight times the maximally effective human dose of 100 mg/day, after accounting for the difference in body surface area between mice and humans. Similarly, the dose of enalapril ingested (24 to 48 mg/kg per day) was roughly 7 to 14 times the maximally effective human dose of 20 mg/day. Thus, the comparisons among losartan, enalapril, and 1D11 made in these studies were most likely performed at maximally effective doses. These doses were well tolerated.
Treatment Decreases Periostin mRNA Transcript Levels in the Skeletal Muscle of mdx Mice
The mRNA transcript level of periostin was elevated 48-fold and 29-fold in quadriceps and diaphragm muscles, respectively, of mdx mice compared with wild-type mice (Figure 1) . Treatment with 1D11 significantly decreased muscle periostin transcript by 60% in quadriceps and 40% in diaphragm muscle. Treatment with losartan also significantly decreased periostin mRNA transcript levels by 50% in quadriceps muscle and resulted in a nonsignificant 25% reduction in RNA extracted from diaphragm muscle. Periostin mRNA levels were not different from vehicle control when mice were treated with the nonspecific control antibody 13C4.
Markers of Inflammatory Responsiveness after 1D11 Treatment
CD4 mRNA, a T-cell marker, was elevated approximately 14-fold in quadriceps and fourfold in diaphragm muscles of 2-month-old vehicle-treated mdx mice, compared with their wild-type counterparts (n ϭ 8 per group, P Ͻ 0.01; see Supplemental Figure S1 at http://ajp.amjpathol.org). There was no significant change in the level of these markers observed after the suppression of TGF-␤ activity by treatment with 1D11, losartan, or a combination of the two agents in muscles from 2-month-old mice. CD4 mRNA was significantly reduced in the quadriceps and diaphragm muscle from 9-month-old mdx mice, compared with the levels observed in 2-month-old mdx mice, again with no effect after treatment with 1D11, losartan, or a combination of the two agents. In the diaphragm of 9-month-old treated mice, CD4 mRNA remained elevated in vehicle-treated mdx mice (approximately twofold), compared with wild-type mice; as before, none of the treatments had any effect on the level of this marker. Mice administered the antibody MOPC 21 in a solution containing 1% BSA in its formulation (n ϭ 10) exhibited a dramatic increase in the level of mRNA for CD4 in quadriceps and diaphragm muscle (n ϭ 8), indicating that the mdx mouse is immunocompetent.
Serum monocyte chemoattractant protein 1 (MCP-1) levels were also elevated 4.3-fold in serum from vehicle control, compared with wild-type mice; however, treat- Figure 1 . Treatment decreases periostin levels in mdx muscle. Real-time PCR analysis of periostin mRNA levels in quadriceps (QUAD) and diaphragm muscle from mdx mice treated with vehicle, 1D11, losartan, losartan ϩ 1D11, or 13C4 (the nonspecific antibody control). The mdx mice were treated from 2 weeks of age to 2 months of age, when muscles were collected for analysis. Wild-type mice were also assayed as a comparator. Data are reported as means Ϯ SE. Statistical analyses were by analysis of variance followed by Dunnett's multiple comparison test relative to vehicle control. *P Ͻ 0.01; n ϭ 8 per group. ment with 1D11 led to a significant decreases in the serum level of MCP-1 in 2-month-old mdx mice, compared with vehicle-treated mdx mice (Figure 2A ; n ϭ 8).
Treatment Decreases Serum Creatine Kinase Levels
Damaged muscle fibers release the cytosolic enzyme creatine kinase. 21 Treatment with losartan, 1D11, or a combination of the two agents decreased serum creatine kinase levels by approximately 50% in 9-month-old mice, suggesting that there was less muscle damage in treated mdx mice ( Figure 2B ; n ϭ 8). Serum from the treated 2-month-old mice also showed a reduced creatine kinase levels, similar to that observed at 9 months of age, but this trend did not reach statistical significance (data not shown; n ϭ 8).
Hydroxyproline Levels Are Decreased by 1D11 Treatment
Tissue levels of hydroxyproline, a major component of collagen, are correlated with the degree of fibrosis in muscle tissue. 16 Hydroxyproline levels were measured in the quadriceps, diaphragm, and soleus muscles from mdx and wildtype mice. Hydroxyproline levels were elevated approximately eightfold in muscle homogenates from the diaphragms of mdx mice, compared with wild-type mice. Treatment with 1D11 resulted in a 20% decrease in hydroxyproline levels in diaphragm muscle from 9-month-old mdx mice (data not shown, P Ͻ 0.05). No changes were observed in hydroxyproline levels after losartan treatment. There was only a slight elevation in hydroxyproline levels in quadriceps (15%) and soleus (23%) muscles, and these were not significantly affected by either treatment.
Treatment Improves Respiratory Function in mdx Mice
Respiratory function was measured in conscious, unrestrained mdx mice using whole-body plethysmography (Table 2) . A number of respiratory parameters were altered in the vehicle-treated mdx mice, compared with wild-type controls. These changes were detectable in mdx mice as early as 3 months of age, although they were more pronounced at 9 months of age, when the effect of anti-TGF-␤ treatment was evaluated. At 9 months Respiratory function was measured by plethysmography in 9-month-old mdx mice treated with vehicle, 1D11, losartan, or a combination of 1D11 and losartan. Data are reported as means Ϯ SE, with n ϭ 8 for the vehicle-treated mdx and wild-type groups at the end of the study and n ϭ 9 for the other treatment groups.
*P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001, by analysis of variance followed by Dunnett's multiple comparison test relative to vehicle control. of age, the frequency of breathing (F) was decreased in mdx mice, compared with wild-type mice, because of longer inspiration times (Ti) and an increase in the pause between breaths (EIP). In addition, the peak inspiratory flow rate (PIP) was lower in mdx mice. Both tidal volume (TV) and relaxation time (Tr) did not different between mdx and wild-type mice. As expected, the inspiratory parameters were those most affected in mdx mice.
Enhanced pause (Penh) is commonly used as a means to noninvasively assess respiratory function in mice. 11, 22 Penh was significantly elevated (144%, P Ͻ 0.05) in vehicle-treated, 9-month-old, mdx mice compared with wild-type mice, indicating impaired respiratory function ( Table 2) . Treatment of mdx with 1D11, losartan, or a combination of the two agents normalized Penh to values similar to those observed in wild-type mice. In addition, the F, MV, PIP, and Ti parameters all improved in treated mdx mice, compared with vehicle control mice.
Treatment Improves Forelimb Grip strength
The effect of 1D11 on forelimb grip strength (n ϭ 25) was compared with other treatment modalities in mice treated from 2 weeks up to 2 months of age: losartan (n ϭ 16), enalapril (n ϭ 8), 1D11 coadministered with losartan (n ϭ 9), and the nonspecific antibody treatment control, 13C4 (n ϭ 8). In addition the grip strength of mice in the 9-month study was measured at 7 and 9 months of age (n ϭ 8 or 9). The results from both studies are presented in Figure 3A (normalized to body weight) and Figure 3B (absolute force in kilograms). 1D11 significantly improved grip strength relative to mdx mice treated with vehicle, losartan, or the control antibody 13C4 at all time points. Grip strength in mice treated with the control antibody 13C4 was not different from vehicle control mdx mice. The grip strength of losartan-treated mdx mice was significantly different from that of vehicle control only in 2-month-old treated mice, and no improvement in grip strength was observed in mdx mice treated with enalapril. The coadministration of 1D11 and losartan did not improve grip strength more than 1D11 alone.
Myogenin Expression Is Increased in Skeletal Muscle from Drug-Treated mdx Mice
TGF-␤ is known to inhibit satellite cell differentiation and fusion in vitro 23, 24 and the addition of TGF-␤1 to C2C12 cell culture media decreased expression of myosin heavy chain and reduced expression of myogenin mRNA in a dosedependent manner (see Supplemental Figure S2 , A and B, at http://ajp.amjpathol.org). Addition of 1D11 or angiotensin II to the culture at concentrations of 450 ng/mL or 100 ng/mL, respectively, did not affect the kinetics of myotube formation under the same conditions (data not shown). Grip-strength normalized to body weight values improved after treatment in 2-month-old mdx mice that had been treated from 2 weeks to 9 months of age with 1D11 (n ϭ 24), losartan (n ϭ 16), 1D11 ϩ losartan (n ϭ 8), compared with vehicle (n ϭ 24) or nonspecific control antibody 13C4 (n ϭ 8). Enalapril-treated mdx mice (n ϭ 8) were not different from vehicle control at the 2-month time point. A wild-type group (n ϭ 26) was also included. Forelimb grip-strength data were similarly affected in 7-month-old mice treated for 6.5 months, and 9-month-old mice treated for 8.5 months with 1D11 and a combination of 1D11 ϩ losartan (n ϭ 9). Losartan had no effect on grip strength at the 7-month or 9-month time points (n ϭ 9). For wild-type and vehicle control groups at 7 and 9 months there were 8 mice per group. B: The data shown in A of this figure depicted as absolute kilogram force with no correction for body weight. Statistical analyses were by analysis of variance followed by Tukey's multiple comparison test. *P Ͻ 0.0001 versus vehicle control;
The number of myogenin-positive nuclei in soleus muscle of treated mdx mice was tallied, to quantitate the process of myofiber regeneration. Representative images of soleus muscle from wild-type, 1D11-treated, and vehicle control mdx mice are shown in Figure 4 , A-C. Negative controls (rat heart alone) and positive controls (sections of rat heart injected with skeletal muscle myoblasts) demonstrated the specificity of this method for activated skeletal muscle myoblasts (Figure 4, D and E) . Additionally, the number of myogenin-positive satellite cells increased 6.9-fold in diaphragm and 2.1-fold in soleus muscles from mdx mice, compared with those from wild-type mice ( Figure 5 ). Mice treated with 1D11 had more myogenin-positive nuclei in diaphragm and soleus muscle than did vehicle-treated mdx mice (2.1-fold and 2.8-fold, respectively). A smaller increase in the number of activated satellite cells was observed in losartantreated mdx mice, compared with those treated with 1D11 (1.6-fold in both muscles). Similar findings were observed in the 2-month study (data not shown).
Muscle Fiber Density Is Increased in Diaphragm of Drug-Treated mdx Mice
Morphometric analysis was performed on cryosections of diaphragm muscle, stained with wheat germ agglutinin, from 9-month-old mice. The cross-sectional area, fiber diameter, fiber breadth, and the number of centrally nucleated fibers were determined in diaphragm muscle. Histograms of the fiber size distribution illustrate the increase in the total number of fibers of all sizes in drugtreated mice (Figure 6 ). The total cross-sectional area made up of muscle fibers was significantly increased by 43% after 1D11 treatment (P Ͻ 0.05), suggesting that there were more muscle fibers, less fibrosis, and less interstitial space, compared with the vehicle control groups (see Supplemental Figures S3 and S4 at http:// ajp.amjpathol.org). There was also an increase in the total number of centrally nucleated fibers with 1D11 and combination treatment per unit area (data not shown).
Discussion
TGF-␤1 and TGF-␤3 mRNA levels in the skeletal muscle of mdx mice were elevated, compared with their wild-type counterparts. Consistent with the increase in TGF-␤1 mRNA levels, total TGF-␤1 protein levels were also elevated in quadriceps muscle homogenates from mdx mice, compared with wild-type mice. Levels of activated TGF-␤1 were below the limit of detection of the ELISA. This was not surprising, because TGF-␤ is secreted from cells in its latent form. 25 For this reason, we measured the levels of periostin, a well-characterized downstream marker of TGF-␤ activity. Periostin levels are transcriptionally elevated in response to TGF-␤ in cells from bone, 26 kidney, 27 lung, 28 and heart. 29 We also observed significant elevations in periostin mRNA in skeletal muscle and diaphragm from mdx mice, compared with wildtype mice, that were attenuated in 2-month-old mice treated with 1D11, losartan, or a combination of the two agents, suggesting that a dose sufficient for reducing TGF-␤ in skeletal muscle was used.
Weakening of the diaphragm and intercostal muscles leads to impaired respiratory function in DMD patients and is the cause of more than 70% of patient fatalities. In DMD patients, the skeletal muscles also weaken progres- The numbers of myogenin-positive nuclei in diaphragm and soleus muscles treated from 2 weeks to 9 months of age with 1D11 (n ϭ 9) were significantly greater than those from vehicle-treated mdx mice (n ϭ 8). In mice treated with losartan alone or in combination with 1D11 (n ϭ 9, each group), the number of myogenin-positive satellite cells was also increased, but not as much as with 1D11 alone. Data are reported as means Ϯ SE. Statistical analyses were by analysis of variance followed by Dunnett's multiple comparison test relative to vehicle control. *P Ͻ 0.001 and **P Ͻ 0.01 versus vehicle control.
sively, leading to a loss of ambulation by 8 years of age. In mdx mice, however, most of the skeletal muscle pathology is comparatively mild and appears to plateau after 3 months of age. In contrast, the diaphragm muscle is more severely and progressively affected in mdx mice and thus is more like the muscles in DMD patients. 30 Whole-body plethysmography has been used to demonstrate impaired respiratory function in mdx mice, and this impairment was related to the fibrotic condition of the diaphragm muscle. 31 We also observed increased fibrosis in diaphragm muscle of mdx mice relative to wild-type mice, which decreased significantly after treatment with 1D11.
Using whole-body plethysmography, we demonstrated that neutralizing all three isoforms of TGF-␤ with 1D11 or through use of losartan normalizes respiratory function in 9-month-old mdx mice. Respiratory dysfunction in mdx mice was related primarily to changes in the inhalation phase of the respiratory cycle, as evidenced by decreased peak inspiratory flow and increased inspiration time, and is consistent with pathology seen in the diaphragm. The respiratory parameters Penh, breathing frequency, peak inspiratory flow, inspiration time, and minute volume were significantly improved in 9-monthold mdx mice treated with either 1D11 or losartan. In other studies, response to hypercapnia was not different in 5-month-old mdx mice, 32 nor were basal Penh values in 7-month-old mdx mice measurably different from wildtype mice. 31, 33 By 16 months of age, however, mdx mice showed failed respiratory compensation under hypercapnia. 32 Thus, it is likely that the worsening basal respiratory dysfunction becomes sufficiently severe by 9 months of age (when we conducted our studies) for detection by plethysmography.
TGF-␤ has been linked to failed regeneration of skeletal muscle and an exacerbation of the disease phenotype in models of muscular dystrophy. 7 TGF-␤ inhibits skeletal muscle myoblast differentiation 23,34 -36 by altering the signaling of SMAD3, 37 a signal transduction protein that directly inhibits the transcription of the myogenic regulators myogenin and MyoD. 38 In addition, myoblasts transfected with decorin, an inhibitor of TGF-␤, show enhanced myotube formation, as well as an up-regulated expression of MyoD and myogenin. 39 Myogenin is specifically expressed in skeletal muscle myoblasts that are differentiated and ready to fuse to form muscle fibers. 40, 41 Thus, myogenin is a good marker of the regenerative activity of skeletal muscle. A twofold increase in the number of myogenin-positive nuclei and an increase in the number of centrally nucleated fibers were noted in diaphragm muscle from 1D11-treated mdx mice, compared with vehicle-treated mdx mice. This suggests that there were more activated myoblasts in muscle when TGF-␤ signaling was attenuated with 1D11 treatment. We also observed an increase in the number of fibers per unit area and a decrease in fibrosis in treated mdx mice, findings that are consistent with improved regeneration.
Losartan, an antagonist of the angiotensin II type I receptor is a vasodilator used to treat hypertension; it is also known to decrease TGF-␤ signaling. TGF-␤ is secreted from muscle, fibroblasts, and inflammatory cells as a latent complex that is proteolytically activated by thrombospondin-1, which is in turn is transcriptionally up-regulated by angiotensin II. [42] [43] [44] Recently, Cohn et al 7 demonstrated that losartan treatment of mdx mice reduced muscle fibrosis and increased hindlimb grip strength, attributing these benefits to TGF-␤ antagonism through a decrease in thrombospondin-1 levels. Losartan may also improve muscle function by improving blood flow by a direct effect on the vascular smooth muscle. A neutralizing antibody to TGF-␤ would be expected to antagonize all sources of active TGF-␤, including that activated by fibrillin-1 fragments released during muscle degeneration 6 and those not in the proximity of AT1 receptors, and thus may be more efficacious than AT1 antagonists in degenerative diseases. Measurement of grip strength, fibrosis, myogenin-positive nuclei, and periostin levels all suggested that 1D11 was more effective than losartan. In a recent study, Spurney et al 20 showed, using the same dose of losartan reported here, a significantly decreased cardiac muscle fibrosis after 6 months of treatment with no change in forelimb grip strength, rotarod, or behavioral measurements. We also saw only transient improvements in grip strength in losartan-treated 2-month-old mice and no improvement of grip strength after further treatment to an age of 7 or 9 months old. However, both 1D11 and losartan were equally effective at correcting respiratory function and improving muscle integrity, as indicated by a 50% decrease in the levels of serum creatine kinase, although others have not seen changes in serum creatine kinase levels after losartan treatment. 7 The apparent discrepancy could be due to the smaller number of mice per group used in that other study, 7 coupled with the high degree of variability in creatine kinase measurements. Taken together, the data suggest that neutralization of all three isoforms of TGF-␤ may be more effective than antagonism of AT1 in treating some aspects of the pathology observed in the mdx mouse.
TGF-␤ is a pleiotrophic cytokine that has both inflammatory and anti-inflammatory effects, and so the effect of decreasing its bioavailability in a clinical context might be complex. Complete elimination of TGF-␤1, as seen in knockout mice, leads to excessive inflammatory responses that lead to wasting and death by the 4 weeks of age. 45 However, one would expect treatment of mdx mice with a TGF-␤-neutralizing antibody to result in a partial reduction of the active cytokine, in part because certain locations may be inaccessible, such as the intracellular space or that bound in latent form to the inner reaches of extracellular matrix. Indeed, 1D11 neutralizes only the active form of TGF-␤, and all treatments were well tolerated for 8.5 months of continuous dosing, with no evidence of increased cellular infiltrates in the mdx groups. Andreeta et al 46 observed a modest twofold increase in the number of CD4-positive T-cells by immunohistochemistry (IHC) in diaphragm muscle of 3-month-old mdx mice that had been treated with 1D11 for 6 weeks, and it was suggested that long-term neutralization of TGF-␤ may lead to increased skeletal muscle inflammation. In the present study, CD4 mRNA was elevated in all mdx mice by 2 months of age, compared with wild-type mice, regardless of treatment: approximately 13-fold elevation in the quadriceps and approximately fourfold in the diaphragm muscles. By 9 months of age, CD4 mRNA levels in the quadriceps were dramatically reduced in all mdx groups to levels below that found in wild-type mice, but continued to be elevated in mdx diaphragm, compared with nondiseased mice (threefold to fourfold), again not affected by 1D11 treatment. We can only speculate that the discrepancy in our CD4 mRNA levels versus the cellular infiltrates observed by Andreeta et al 46 might be due to tissue transcript levels not directly reflecting the number of cells in the tissue. Furthermore, we have no information as to the phenotype of the CD4 cells in the Andreeta et al study, 46 nor how the quantities compare to that which might have been found in mice treated with a positive control, because no such positive control was reported. A fuller understanding of any potential immunological consequence resulting from chronic TGF-␤ reduction in the setting of muscular dystrophy must await analyses performed in severe animal models as part of studies designed to evaluate immunological function.
Treatment of rag2 knockout mice with 1D11 has been associated with the formation of esophageal lesions, 47 leading to rapid weight loss and morbidity after 3 months of dosing. In the present studies, 1D11 was well tolerated at the same dose and dosing regimen used in the rag2 study after 8.5 months of continuous dosing, with no clinical manifestations or weight loss observed. It is possible that neutralizing antibodies to TGF-␤ are better tolerated when there is an excess of TGF-␤ present to complex and clear the antibody, as would be the case for the mdx but not the rag2 mouse. Additionally, levels of activated TGF-␤ may vary in different genetic backgrounds, which may influence the relevance of 1D11 treatment in any particular mouse strain. 48 In conclusion, these studies support further investigation of therapeutic interventions to decrease TGF-␤ signaling in degenerative muscular dystrophies.
